In Brief
Short photocycles induce potato tuber formation. Abelenda et al. found that StCOL1 controls this transition by activating an FT-like repressor in leaves. StCOL1 peaks at dawn, and light stabilizes the protein in LD. Reverse phyB regulation and evolution of a repressive FT function led to a robust SD response that may be conserved in other plants.
SUMMARY
The CONSTANS-FT pathway defines a core module for reproductive transition in both long-day (LD) and short-day (SD) plants. Changes in the transcriptional function of the CONSTANS (CO) protein have been proposed to mediate differential SD activation of FLOWERING LOCUS T (FT) orthologs in SD plants. Potato Andigena genotypes have an obligate SD requirement for tuber formation, and this photoperiodic response correlates with activation of the FT StSP6A gene in leaves. The potato StCOL1 factor represses expression of this mobile tuberization signal, but the control mechanism is poorly understood. Here, we analyzed StCOL1 diurnal oscillation and protein accumulation at different photoperiods and light wavelengths. We observed that the potato StCOL1 gene peaked at dawn and that, in contrast to the Arabidopsis AtCO homolog, the light receptor phyB is necessary for protein stabilization in the light. Reduced StCOL1 levels in RNAi lines strongly correlated with downregulated expression of an additional potato FT family member, StSP5G. Co-regulated StCOL1 and StSP5G expression suggested that StCOL1 activates this target directly rather than controlling StSP6A expression. By hybridization of a universal protein-binding microarray, we established that StCOL1 binds a TGTGGT element, and we found that immunoprecipitated StCOL1 protein fractions were enriched in StSP5G promoter fragments bearing this element. We show that StSP5G represses tuberization in LD conditions and that this FT-like homolog suppresses StSP6A gene expression. Rewiring StCOL1 transcriptional function from direct activation of the StSP6A inducer signal to the control of an FT-like repressor thus mediates the strict SD requirement of Andigena plants for tuberization.
INTRODUCTION
Photoperiodic sensitivity is critical for plant survival of seasonal climate fluctuations. A gradual increase or shortening in daylight hours, as a result of the earth's rotation angle, is the most-reproducible cue for summer or winter progression in temperate latitudes. Day length regulates developmental transitions as diverse as flowering time, growth cessation in trees, and storage organ formation in potato [1] . Wild Andean landraces Solanum tuberosum group andigena (hereafter Andigena) behave as strict shortday (SD) plants for tuber formation. These species tuberize only during short days, and interruption of long nights with a light pulse or night break (NB) completely suppresses storage organ transition [2] . Although modern cultivars were selected against this response, SD conditions still accelerate tuber formation in all potato genotypes. This photoperiodic control shares signals related to flowering, as demonstrated by the finding that flowering tobacco scions promote tuber formation when grafted onto non-induced Andigena stocks [3] . For both responses, inductive day lengths are perceived by leaves, leading to production of a systemic signal that is phloem transported to the aerial shoot apex and underground stolons, where it induces transition to flowering and storage organ formation, respectively [2, 4] . The molecular nature of this signal remained elusive until the last decade, when research in tomato provided the first evidence that the SINGLE FLOWER TRUSS (SFT) protein is a key component of the florigenic signal [4] . Simultaneous research in Arabidopsis established that the SFT ortholog protein FLOWERING LOCUS T (FT) corresponds to the phloem-mobile florigen [5] ; subsequent studies in potato showed that the StSP6A homolog acts as the tuberization signal [6] .
Arabidopsis is a facultative long-day (LD) plant, which specifically accumulates FT transcripts in LD. Day-length-dependent activation of this gene is regulated by the CCT factor CONSTANS (AtCO) that acts as a transcriptional activator of FT [7] . AtCO transcription is regulated by the clock such that, in LD, high-transcript levels coincide with late afternoon, allowing light-mediated stabilization of the AtCO protein and activation of FT expression [8, 9] . In SD conditions, AtCO transcript levels are high only during the night, when the protein is degraded and FT is therefore not expressed. A similar external coincidence mechanism is reported to mediate SD-dependent activation of the rice FT ortholog Hd3a. Reverse day length regulation of this gene is proposed to involve two opposite functions of the CONSTANS (CO) homolog Hd1, suppressing Hd3a expression in LD and activating it in SD [10] . Hd1 transcripts oscillate with a phase similar to AtCO, in which Hd1 expression coincides with light in LD, thus being postulated to modify the Hd1 protein such that it inactivates Hd3a expression and suppresses flowering. This shift in Hd1 activity is mediated by light-activated phytochromes, as chromophore biosynthesis-impaired rice se5 mutants show a severe early flowering phenotype in LD [10] .
Early evidence for recruitment of the CO/FT-signaling module to SD control of storage organ formation derived from the finding that overexpression of the Arabidopsis AtCO protein in Andigena plants greatly delays tuber formation in SD and SD+NB conditions [11, 12] . Andigena lines with downregulated expression of one potato CO gene family member also tuberized in non-inductive LD conditions and showed upregulated StSP6A expression, suggesting a StCO role in inhibiting StSP6A transcription in LD [6, 12] . The observations that StCO overexpressers tuberize later than wild-type in SD+NB conditions [12] and that phyB downregulation causes day-length-independent tuberization [13] indicated a similar control of StSP6A transcription, as for the rice Hd1 protein. Nonetheless, whereas loss of Hd1 function leads to late flowering in SD and reduces Hd3a transcript levels, potato StCOL1-RNAi lines showed no tuberization delay in SD [6, 12] .
Here, we characterized StCOL1 transcript oscillation and protein accumulation in wild-type and phyB antisense lines. Using transgenic lines that express the StCOL1-HA (hemagglutinin)-tagged protein, we show that StCOL1 accumulates preferentially in the light and that light-mediated stabilization of this protein depends on phyB function. We provide evidence that potato StCOL1 controls StSP6A expression through direct activation of an additional FT family member, StSP5G, which in turn acts as a repressor of StSP6A transcription in leaves.
Lack of demonstration of DNA-binding activity by the Arabidopsis AtCO protein led to hypothesize that CO acts as part of a chromatin-associated protein complex [14] . Evidence for direct AtCO association to the FT promoter was nonetheless recently obtained [15] . By probing a protein-binding microarray, we show that the StCOL1 protein binds a TGTGGT DNA motif that includes the cognate TGTG element of TOC1 [16] and that it binds this motif in the StSP5G promoter to activate its expression.
RESULTS

Potato StCO Is Encoded by Three Tandem Genes
We identified three tandemly arranged homologs (StCOL1-StCOL3) of the CO factor on potato chr02. Gene expression studies showed that, whereas StCOL1 is expressed at relatively high levels in leaves, StCOL2 levels are much lower and StCOL3 is almost undetectable. Indeed, StCOL3 corresponds to tomato SlCO2, which in the Heinz cultivar lacks part of the CCT domain and yields an inactive protein ( Figure S1A ). Comparison of their amino acid sequences showed that StCOL1 and StCOL2 share highly conserved B-box and CCT domains but differ in the number of Q residues in a poly-Q stretch between these regions. We therefore renamed these genes as StCOL1 and StCOL2 to avoid ambiguity with previous studies [12, 17, 18] .
Analysis of diurnal StCOL1 and StCOL2 levels showed different diurnal oscillation patterns. In LD (16 hr light/8 hr dark), StCOL1 had a relatively sharp expression peak at dawn ( Figure 1A ), which mimics AtCOL1 and AtCOL2 diurnal oscillation [19] , whereas the StCOL2 pattern resembled AtCO with a characteristic peak around dusk ( Figure S1B) . Oscillation of these genes is also modified in SD (8 hr light/16 hr dark), with reduced StCOL2 transcript levels that peaked toward mid-late night ( Figure S1B ), whereas StCOL1 peaked 3 hr earlier than in LD, coinciding with late night ( Figure 1A ) [12] . The StCDF1 factor, which is encoded by the earliness locus, downregulates transcription of both genes [17] . Hence, shifts in expression in LD are likely to reflect increased StCDF1 destabilization by FKF1/ GI during early day and late afternoon, as in Arabidopsis [20] .
phyB Stabilizes the StCO Protein in Light Potato plants with silenced StCOL1 expression tuberize in noninductive photoperiods [6, 12] . Whereas StCOL1 oscillation pattern differs from that of AtCO, high transcript levels coincide with light only in LD, suggesting that light-mediated post-transcriptional regulation of the protein might confer an additional level of regulation, similar to that of Arabidopsis. To test light effects on StCOL1 stability, we examined StCOL1 accumulation in diurnal light/dark cycles, using transgenic lines that constitutively express this factor fused to HA (35S::StCOL1-HA). We detected the tagged protein only in samples harvested in the light, irrespective of LD or SD conditions, whereas protein levels fell rapidly in the dark ( Figure S1C ). Light is thus a determinant factor for StCOL1 protein stability.
To analyze the photoreceptors involved in this response, we exposed StCOL1-HA and StCOL2-HA plants to continuous darkness, or to white (W), blue (BL), red (R), or far-red (FR) light. The StCOL1-HA protein accumulated in W, BL, and R light, but not in darkness, and to much reduced levels in FR light ( Figure 1F ). In contrast, StCOL2-HA accumulated in all light conditions tested ( Figure 1F ). These results indicate that the cryptochrome (CRY) and phytochrome photoreceptors (PHY) regulate StCOL1 stability, as for the Arabidopsis protein [9] . At difference from AtCO, potato StCOL1 accumulates in R light but is destabilized in FR, indicating an opposite phytochrome function in the control of these factors. Suppression of phyB expression in Andigena plants was in fact reported to lead to tuber formation in all day length conditions [13] . This day length insensitivity is consistent with a phyB role in StCOL1 stabilization and its accumulation in R light. In addition, lack of StCOL2-HA degradation in R and FR light indicates that this protein is unlikely to have a major role in phyB-mediated suppression of tuber induction.
Integration of Circadian Regulation and Light
Stabilization Results in StCOL1 Accumulation in LD Our finding that StCOL1 is stabilized in the light suggests a specific accumulation of this factor in LD, when its expression peak is shifted toward the morning. To study this possibility and assess the role of phyB in this regulation, we expressed the StCOL1-HA protein under control of its native promoter on the Andigena wild-type and phyB-RNAi backgrounds. As anticipated, we detected high StCOL1-HA levels in transgenic wildtype leaves in LD, immediately after dawn and during the first 2-5 hr of light, which coincided with the gene transcription pattern ( Figure 1B ). StCOL1 protein levels were also greatly reduced in SD and detected during late night ( Figure 1B ). The transgenic phyB-RNAi lines showed much-reduced StCOL1 levels in both LD and SD ( Figures 1D and 1E ), and late-night accumulation of StCOL1 in LD was similar to that of wild-type in SD conditions. This profile suggested that phyB, in addition to stabilizing the protein, acts in the control of StCOL1 diurnal oscillation. In line with this idea, the LD dawn-phased StCOL1 expression peak is shifted toward the night in phyB-RNAi lines, as in the wild-type in SD ( Figure 1C ). These results demonstrate preferential StCOL1 accumulation in LD, when peak transcript levels coincide with light, and establish a prominent role for phyB in stabilizing this factor and in the control of StCOL1 diurnal expression, probably by affecting the clock.
StCOL1 Suppression Leads to Tuber Formation in Non-inductive LD StCOL1 stabilization in the LD morning is consistent with reports showing that it suppresses tuberization in LD [6, 12] . In fact, we observed that StCOL1 accumulates to high levels in non-inductive LD, whereas more-rapid degradation in the dark reduces protein levels in SD ( Figure 1B ). This suggested that StCOL1 acts as a transcriptional repressor of the StSP6A tuberization signal or that it activates a downstream target that negatively regulates StSP6A expression. To discriminate between these two models, we generated StCOL1-silenced lines by expressing two StCOL1-RNAi constructs: one based on the 3 0 UTR region, to ensure specific repression of the gene, and a second that included part of the open reading frame (ORF), for more-efficient suppression. Analysis of the plants showed stronger suppression by the partial ORF construct, although LD tuberization and flowering phenotypes were similar in both lines (Figures 2E and S2A). After assessing that downregulation was specific to StCOL1 ( Figures S2H and S2I) , we used the partial ORF + 3 0 UTR RNAi lines for subsequent studies.
StCOL1 Expression Correlates Strongly with FT-like StSP5G Gene Activation in Leaves
To further establish the role of StCOL1 in StSP6A transcription control, we analyzed transcript levels of StSP6A and other members of the FT clade in these plants. Consistent with their tuberization response in LD, StSP6A expression was induced in several independent lines ( Figures S2C and S2G) . The StSP3D/ SFT floral-inducing signal was also upregulated ( Figure S2D ) and probably contributes to their early flowering response, although StSP3D activation in leaves was by no means as strong as that of StSP6A. Besides these two genes, there were no notable changes in gene expression in other FT clade members, except a marked reduction in StSP5G and StSP5G-like transcripts ( Figures 2F and S2B) . StSP5G is expressed abundantly in leaves in LD, and its transcript drops to basal levels in inductive SD [6] . This differential expression and the greater similarity of the StSP5G external B-loop region to the sugar beet BvFT1 floral repressor [21] than to StSP6A or StSP3D led us to postulate that this FT-like paralog acts as a tuberization repressor [6, 17] . Here, we show that high-StSP5G gene expression in LD correlates with StCOL1 stabilization and that its transcript levels are strongly suppressed in StCOL1-RNAi lines, which indicated that StSP5G is a direct StCOL1 target.
Indeed, StCOL1 and StSP5G expression levels showed a very strong correlation in independent StCOL1-RNAi lines, whereas StSP6A was upregulated in most lines ( Figures 2F  and S2C ). These results would suggest that StCOL1 activates StSP5G transcription and that its role in StSP6A repression is indirect.
StSP5G oscillates in LD with two expression peaks: a high peak by 2-5 hr after lights on and a lower one at dusk (Figure 2A ), whereas the transcript is not detected in SD ( Figure 2C ). We found that both LD expression peaks were suppressed in StCOL1-RNAi lines and that inhibition of StSP5G was associated with StSP6A accumulation in the morning (Figures 2B and 2D) . The inverse expression patterns of StSP5G and StSP6A thus suggested that StSP5G negatively controls tuberization by repressing StSP6A activation. However, given that StSP6A is regulated by an auto-relay mechanism that is negatively regulated by StCOL1 [6] , we cannot rule out that release from repression by StCOL1 contributes as well to this upregulation.
StCOL1 Recognizes a Conserved TGTGGT Core Element
Although AtCO is widely accepted as a central component of the photoperiodic pathway that leads to FT activation [22] , evidence for its direct association to the FT promoter is fairly recent [15] . AtCO interacts with HAP3 (NF-YB) and HAP5 (NF-YC) and was proposed to replace HAP2 in the CCAAT complex, hence binding to conserved CCAAT motifs in the FT promoter [23, 24] . Deletion studies identified a repeated TGTG(n2-3)ATG motif in the FT proximal promoter region, which is essential for its activation by AtCO [15] . AtCO binds this CORE (CO response element) motif, with the CCAAT elements found to enhance FT activation, but not be necessary for AtCO recruitment to DNA [15] .
Here, we identified the StCOL1 DNA recognition motif by hybridization to a universal protein-binding microarray (UPBM) [25] . We also tested the purified StCOL2 protein in these assays. Both StCOL1 and StCOL2 bound an identical TGTGGT element ( Figures 3A and S3A) , which corroborates this element as a bona fide recognition motif for both factors, although StCOL1 associates with slightly higher affinity. StCOL1 and StCOL2 share 88% amino acid sequence identity and have identical CCT domains, which highlights a role for this domain in DNA recognition, as shown for AtCO [15] .
The TGTGGT motif we identified partially overlaps with the TGTG(n2-3)ATG CORE motif but lacks the final ATG residues. This CORE motif was inferred from the conserved residues in two FT promoter fragments recognized by AtCO [15] , and a perfect copy of the TGTGGT element is found in one of these fragments, which indicates that the Arabidopsis protein may also recognize this element. TGTGGT also overlaps with the T1ME (TOC1 morning element) TGTG sequence, bound by the Arabidopsis CCT TOC1 (TIMING OF CAB EXPRESSION1) factor [16] , and partly matches the previously defined GTGTGG ''morning element'' (ME) and CATGTG ''hormone upregulated at dawn'' (HUD) motif, recognized by TOC1 in EMSA (electrophoretic mobility shift assay) [16] . As for AtCO, the TOC1 CCT domain is sufficient for DNA binding, and a single Ala-to-Val mutation in the CCT regions of TOC1 or PRR5 (PSEUDO-RESPONSE REGULATOR5) impairs their binding to DNA [16, 26] .
StCOL1 Binds the StSP5G Promoter in LD
Using the position weight matrix generated by the UPBM array, we identified several putative StCOL1-binding sites in the StSP5G 1.5-kb upstream promoter region, with highest scores retrieved for four motifs at positions À1375, À1153, À660, and À208 relative to the ATG ( Figure S3B ). With primers for these genomic fragments (p1-p4), we performed chromatin immunoprecipitation (ChIP)-qPCR studies on transgenic StCO::StCO-HA lines. Plants were grown in LD conditions, and leaves were collected in early morning, when StCOL1 accumulates. As shown in Figure 3B , the immunoprecipitated fraction was significantly enriched in the p1 and p4 fragments, whereas p2 and p3 were at similar background levels as the negative controls. The p1 fragment includes a complete copy of the TGTGGT consensus motif, whereas p4 has a shorter TGTG element preceded by a TGGT sequence on the complementary strand (Figure S3B ). Thus, it is possible that two tandem copies of these partial sequences aid to StCOL1 recognition. These results confirm the strong StCOL1-binding affinity for the TGTGGT motif and demonstrate that this factor associates with the StSP5G promoter in LD.
To test whether StCOL1 activates StSP5G expression, we coinfiltrated Nicotiana benthamiana leaves with a 35S::StCOL1 effector construct and the pStSP5G::GUS ( Figure 3C ) or pStSP5G::LUC ( Figure 3D ) reporters. In both instances, luciferase and GUS levels increased following StCOL1 overexpression, which confirmed StCOL1 ability to activate StSP5G expression ( Figures 3C and 3D ). Results were similar after StCOL2 overexpression, although StSP5G activation was lower than for StCOL1 ( Figure S3D ). Neither activation nor repression was observed with the pStSP6A::GUS reporter ( Figure 3C ), which indicated that StSP6A is not directly regulated by StCOL1.
Although StCOL1 accumulates at much-lower levels in SD, a small amount of the StCOL1-HA protein is still detected 2 hr after lights on ( Figures 1B and 3F) . We therefore tested whether this protein binds the StSP5G promoter and might have a role in StSP5G repression in SD. ChIP-qPCR studies with SD samples showed no enrichment in the p1 and p4 fragments ( Figure 3E ), suggesting that an additional modification of the protein contributes to in vivo StCOL1 DNA binding in LD. In this regard, a comparable p1 and p4 enrichment was observed at LD ZT2 and ZT5, although StCOL1 levels were lower at ZT5 (Figures 3E and 3F ). This suggests that additional components may play a role in stabilizing StCOL1-DNA interaction, likely candidates to this function being the potato HAP/NF-Y factors, as seen in Arabidopsis [15, 23] .
StSP5G Represses Tuber Formation
To further confirm that StSP5G is a tuberization repressor, we generated transgenic StSP5G-RNAi lines ( Figure 4A ). These plants tuberized in non-inductive LD conditions ( Figures 4B  and 4E ) and, in SD, showed a slight increase in tuber yield compared to wild-type ( Figure 4F ). StSP6A was also activated in their leaves in non-inductive LD ( Figure 4C ), although StSP6A transcript levels were lower than those of StCO-silenced lines. A feasible explanation for this weaker activation is that StSP5G suppression was not as strong as that of StCOL1-RNAi lines ( Figures 4A and S2F) . However, we cannot rule out that, in StCOL1-RNAi lines, reduced suppression of the StSP6A autorelay by StCOL1 [6] contributes to the stronger StSP6A activation levels.
Despite this putative additional regulatory layer, our results clearly establish that StCOL1 inhibits tuberization in LD by activating the StSP5G gene. The finding that StSP6A transcription is induced in StSP5G-RNAi lines also indicates that StSP5G acts in the leaf vasculature to suppress StSP6A expression. Our ChIP-qPCR studies showed StCOL1 association to the StSP5G promoter in LD, but not in SD, which indicates a distinct function of the potato factor compared to rice Hd1. Whereas Hd1 is reported to activate Hd3a expression in SD [10] , we observed that StCOL1 is inactive and mostly destabilized. Therefore, StSP5G is not expressed in SD, which allows StSP6A gene activation and protein transport to the underground stolons, where it induces tuber formation ( Figure 4G ). StSP6A is not constitutively activated in StCOL1-or StSP5G-RNAi lines but shows a morning expression peak. StSP6A activation thus appears to be under the control of an unknown diurnally regulated factor that is repressed by StSP5G.
DISCUSSION Photoperiodic Control of Tuberization
Day length duration is the most important, reliable cue regarding time of year. Plants perceive this external cue in the leaves, and a major output of this photoperiodic pathway is the transcriptional activation of FT in the leaf vasculature. In addition to floral induction, members of this gene family act as major regulators of potato tuberization [6] , onion bulb formation [27] , and growth cessation in trees [28] , which underlines the multifaceted function of these small proteins in a wide range of developmental processes [29] [30] [31] [32] .
In Arabidopsis, the zinc finger factor CO is a major regulator of FT gene transcription, and it has a diurnal expression rhythm regulated by the circadian clock. Coincidence of high-transcript levels with LD late afternoon allows light-mediated stabilization of the CO protein and determines specific FT activation in inductive LD [9] . The finding that rice Hd1 mediates SD-activated expression of the FT Hd3a gene suggested that the core function of the CO/FT module is highly conserved in all plants, including the distantly related monocots. More-extensive characterization of this pathway nonetheless showed that CO-independent FT activation mechanisms have also evolved in many species [33, 34] . In the SD model species Pharbitis, exposure to a single long night is sufficient to upregulate expression of the FT orthologs PnFT1 and PnFT2, whereas a NB treatment suppresses their activation and prevents flowering. However, different peak phases of the PnFT1, PnFT2, and PnCO genes suggest that PnFT activation is independent of Pharbitis PnCO [35] . In tomato, overexpression of the COlike3 (TCOL3) protein likewise does not activate the FT ortholog SFT, although it promotes flowering in Arabidopsis [24] . In contrast, Andigena lines that overexpress the Arabidopsis AtCO protein show a clear delay in tuber formation in SD [11, 12] , which implies that this heterologous factor is able to suppress SD activation of StSP6A. Potato belongs to the same genus as tomato (Solanum) and shows similar dayneutral flowering behavior. As in tomato, flowering transition depends on activation of the SFT ortholog StSP3D, whose silencing leads to late flowering but does not affect tuberization [6] . Separate StSP3D and StSP6A functions thus account for the different day length dependence of flowering and tuberization responses of potato plants [6] . During tomato and potato domestication, independent events probably contributed to the uncoupling of SFT and SP3D expression from CO, whereas this control was maintained for StSP6A and is responsible for the strict SD tuberization requirement of Andean landraces [6] .
Another intriguing question is why, rather than activating StSP6A transcription, CO negatively regulates this gene [6, 12] . The finding that phyB negatively controls tuberization in LD [13] seemed to agree with a dual StCOL1 factor activity, as reported for Hd1. This model does not fit many observations made in potato, however, for which all genetic and phenotypic evidence indicates that StCOL1 is mostly inactive in SD.
Diurnal Oscillation of StCOL1 and phyB-Dependent StCOL1 Stabilization Whereas AtCO and Hd1 transcripts levels rise at dusk, potato StCOL1 shows a sharp expression peak at dawn. StCOL1 oscillation indeed resembles that of Arabidopsis AtCOL1 and AtCOL2, which conserve the transcriptional features of the ancestral gene [36] . We show that the StCOL1 expression phase is shifted by few hours toward the morning in LD, which ensures protein stabilization. Whereas phyB triggers morning degradation of AtCO, function of this photoreceptor is essential to StCOL1 stabilization immediately after lights on. During evolution, altered phyB regulation of the potato StCOL1 factor might have generated a strong day-length-dependent mechanism, which was recruited to photoperiodic control of tuberization. CO group 1a homologs with a dawn-phased expression peak similar to that of StCOL1 are also reportedly involved in photoperiodic control of flowering in grape and soybean [37, 38] . In soybean, GmCOL1a and GmCOL1b expression precedes morning activation of the FT GmFT5a gene in SD, and overexpression of these factors complements the late flowering phenotype of co-1 mutants. This indicates that the small shift in the dawnphased expression peak of these genes is sufficient for lightmediated protein stabilization, providing robust photoperiodic regulation through an external coincidence mechanism.
Post-transcriptional CO regulation by light is a key event for day length measurement. Unlike the Arabidopsis protein, StCOL1 is stabilized by R light, which indicates that photoexcitation of phyB contributes to StCOL1 accumulation during early morning, rather than signaling its destabilization. The ubiquitin ligase HOS1 mediates phyB-dependent degradation of AtCO in the morning [39] , and this regulation might have been lost in potato. Identification of the Arabidopsis PHYTOCHROME-DEPENDENT-LATE-FLOWERING (PHL) gene showed that PHL interacts with phyB and AtCO in an R-specific manner and accelerates flowering in LD by suppressing phyB-dependent AtCO degradation [40] . Because PHL is conserved in potato, a future task will be to assess whether this protein mediates differential phyB regulation of StCOL1.
StCOL1 Is a Transcriptional Activator
In StCOL1-RNAi lines, StSP5G levels were greatly reduced. StSP5G is strongly activated in non-inductive LD and repressed in SD, transcription of this gene thus coinciding with StCOL1 protein accumulation. In LD, StSP5G oscillates with two expression peaks: a strong peak 3-5 hr after lights on and a weaker peak at dusk. Overlap of the first peak with morning stabilization of StCOL1 suggested a role for this factor in StSP5G activation, and indeed, here we showed that StCOL1 downregulation strongly correlates with StSP5G expression ( Figure 2F ).
To evaluate direct StCOL1 protein association with the StSP5G promoter, we analyzed the DNA sequence motif recognized by this factor. Hybridization of a protein universal double-stranded DNA (dsDNA) array identified identical TGTGGT recognition motifs for the StCOL1 and StCOL2 proteins, which demonstrated that these factors bind the same promoter elements. This motif matches the CORE element recognized by AtCO [15, 41] but lacks the 3 0 end ATG, which suggests that these residues are dispensable for DNA recognition. Moreover, TGTGGT shares partial identity with the T1ME TGTG motif recognized by the clock TOC1 protein [16] , which supports a CCT domain function in DNA interaction.
Our ChIP-qPCR studies showed that StCOL1 binds the p1 and p4 regions of the StSP5G promoter in LD, although similar enrichment was not observed for any StSP6A promoter fragments in LD or SD, which indicates that StSP6A is not a direct StCOL1 target. Coexpression of the StCOL1 protein led to marked activation of the pStSP5G::LUC reporter in transitory assays but did not affect expression of a StSP6A promoter construct, which confirms a StCOL1 function in direct StSP5G activation.
StSP5G Functions as a Tuberization Repressor
StSP5G and StSP6A showed inverse activation patterns in LD and SD. In our hypothesis for day length tuberization control, StCO suppresses StSP6A expression by direct activation of StSP5G, which would in turn inhibit StSP6A expression in LD conditions. StSP5G is proposed to encode a tuberization repressor, based on its expression in non-inductive LD and because the StSP5G B segment shares greater similarity with sugar beet BvFT1 than with StSP6A or StSP3D [6] . In the biennial sugar beet, BvFT1 is elevated in non-vernalized plants and prevents flowering by suppressing expression of the BvFT2 floral inducer [21] . Cool winter temperatures, on the other hand, suppress BvFT1 and allow LD activation of BvFT2, leading to floral transition during spring/summer of the second growing year [21] . Here, we show that StSP5G silencing leads to tuber formation in LD, showing a tuberization-repressive function of this FT-like protein. This response is accompanied by StSP6A activation in leaves, although upregulation was not as strong as in StCOL1-RNAi plants. These findings are consistent with a model in which StSP5G restrains activity of one or more factors that activate the StSP6A gene in LD, and inhibition of StSP5G expression in SD releases these regulators to allow StSP6A activation ( Figure 4G ).
Repressive FT paralogs with a function similar to StSP5G were recently identified in Chrysanthemum, onion, and soybean [27, 42, 43] . Soybean GmFT4 and onion AcFT4 repress flowering and bulb formation by preventing upregulation of the GmFT2a/5a and AcFT1 inducers in the leaves. At difference, the antiflorigenic Chrysanthemum CsAFT protein acts systemically and suppresses flowering by competing for CsFTL3 interaction with the FD homolog CsFDL1 in the meristem [42] . This argues for the broad functional versatility of these proteins and points to FT-like gene duplications being able to provide ample opportunity for evolutionary innovation, which generated the great diversity in activation patterns, interference with other paralogs, and movement capacity observed for many of these family members.
In conclusion, although the CO-FT module is conserved in potato, changes that affect StCOL1 circadian oscillation, protein stability, and downstream gene targets appear to have been pivotal in recruiting this factor to the specific activation of tuber formation in SD. Divergent phyB-mediated stabilization of the protein probably brought a key innovative advantage to this gene by allowing specific StCOL1 accumulation in LD.
StCOL1 does not regulate the FT StSP6A tuberization signal directly but activates the FT-like StSP5G paralog, which has a tuberization-repressive function. Amino acid substitutions in the surface-exposed B region ( Figure S4C ) suggest that StSP5G interacts with other protein partners than StSP6A. We show that StCOL1 or StSP5G silencing both lead to StSP6A activation in the leaves. This demonstrates that negative control of tuberization by StCOL1 relies on the StSP5G gene, which might repress tuberization by inhibiting an unknown StSP6A activator ( Figure S4B ). Divergent phyB regulation of StCOL1 and diversification of StSP5G function might thus be an example of convergent evolution to generate the photoperiodic tuberization switch. We propose that, in addition to CO, members of the FT-like clade are particularly suited to confer a differential response to day length, because a few amino acid changes are sufficient to confer contrasting functions on these proteins [44] or defects in their long-distance phloem transport [45] . We anticipate that identification of additional regulatory combinations will increase as this central pathway is characterized in more plants.
EXPERIMENTAL PROCEDURES
Plant Material, Growth Conditions, and Gene Constructs All transgenic lines were obtained on the 7540 Andigena background, and transformations were done as described [6] . Light and photoperiod treatments were given in an E-30LED Controlled Environment Chamber (Percival) or in growth chambers. All genes and promoters were cloned in pENTR/D-TOPO vector (Invitrogen) and transferred to Gateway-compatible destination binary vectors by LR recombination (Invitrogen). To generate the pStCOL1::COL1-HA plasmid, the StCOL1 promoter was cloned in the NotI site upstream of the StCOL1 ORF in pENTR/D-TOPO before LR transfer to the destination vector.
Gene Expression and Protein Studies
Gene expression was quantified by qPCR with FastStart SYBR Green PCR master mix (Roche) in an ABI7500 Real-Time PCR System (Applied Biosystems). Protein samples were obtained by standard protein extraction methods except adult plant materials, which were extracted in boiling denaturing buffer. Extracts were separated on 10% SDS-PAGE gels and proteins transferred to nitrocellulose membranes and incubated with specific antibodies (anti-HA HRP High-Affinity antibody 3F10, Roche; anti-RPT5, Biomol).
Protein Array and ChIP-PCR Studies
Recombinant MBP-StCOL1 and MBP-StCOL2 proteins were obtained in Escherichia coli Rosetta strain (Novagen) after cloning in pMAL-c2 vector (New England Biolabs) using the Gateway technology. Proteins were purified according to NEB instructions. PBM-11 array design, incubation with transcription factors, and binding affinity analysis are described elsewhere [25] .
ChIP was performed with anti-HA antibody, followed by incubation with 15 ml protein G coupled to paramagnetic beads (Dynabeads Protein G; Novex Life Technologies). After reverse crosslinking, chromatin was recovered by column purification using the QIAquick PCR clean up Kit (QIAGEN). StCOL1-HA enrichment was confirmed by western blot, followed by qPCR amplification with specific primers to quantify StCOL1-HA affinity for different StSP5G promoter regions.
Transient Expression Assays
Leaves of N. benthamiana plants were co-infiltrated with Agrobacterium cultures bearing the effector and reporter constructs and the p19-silencing suppressor. Experiments were performed using luciferase and GUS reporter genes.
Plasmids and details of methods used are described in the Supplemental Experimental Procedures and can be found with this article online.
ACCESSION NUMBERS
The Spud DB (http://solanaceae.plantbiology.msu.edu/) accession numbers and/or chromosomal locations for all genes reported in this paper are provided in the Supplemental Experimental Procedures. 
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